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INTRODUCTION
Risk assessment for high-linear energy transfer (LET) radiation, which includes neutrons, a particles from radon gas, hadron cancer therapy with protons and carbon beams and high-energy charged (HZE) particles, which are components of space radiation are a challenge for radiation protection due to both quantitative and qualitative differences in biological effects compared to low-LET radiation, as well as the scarcity of human data needed to estimate health risks. Fundamental to radiation protection is the assumption of a linear dose response to model effects, which includes defining quality factors based on data for relative biological effectiveness (RBE) (1) (2) (3) (4) .
Studies of nontargeted effects (NTE) including bystander effects and genomic instability in the progeny of irradiated cells (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) have challenged the traditional radiation protection paradigm of dose responses that increase linearly with dose with no threshold, which are motivated by a DNA mutation mechanism or other targeted DNA effects (TE). Evidence for NTE is more extensive for high-LET than for low-LET radiation, such as those observed in cell culture models using microbeams that target regions of cells, media transfer experiments or broad-beam irradiation at low doses (7) (8) (9) (10) . Bystander experiments (7) (8) (9) (10) (11) for micronuclei, sister chromatid exchanges, neoplastic transformation and genomic instability in vitro suggest that NTE may occur with a shallow or nearly constant dose response above a very low-dose threshold (,0.01 Gy). Studies of genomic instability in mice using a-particle irradiation were among the first to provide evidence for the NTE model (12, 13) . More recently, HZE particle tumor induction in mice has been shown to be consistent with a dose-response model suggested by consideration of NTE (15) .
Experimental results at low doses (,0.1 Gy) of high-LET radiation are sparse, which significantly hinders the assessment of the relative contributions of targeted and nontargeted effects to radiation-induced cancer risk at low dose or for chronic radiation exposures. While a linear doseresponse model can be argued on the basis of DNA damage and mutation concepts, the experimental basis for a linear response model is lacking with very few experiments performed at multiple low doses, defined to be less than one particle per cell nucleus, which are the doses relevant for radiation protection. Most studies [see reviews of data in refs. (1 and 16) ] have used higher doses or at most a single low dose based on this definition. However, use of a single low dose makes it impossible to perform statistical tests for deviation from a linear response model. Only when data are collected at multiple low doses can such an assessment be made, which is a main goal of the current investigation.
In this current study we investigated the end point of chromosomal aberrations scored at first metaphase after irradiation with low doses of HZE particles. We designed our study to consider multiple low doses to test possible dose-response models using nonlinear regression. A previous study using CHO and V79 cells and DNA-PKcs deficient cells irradiated with low doses of a particles suggested nontargeted effects for chromosomal aberrations (17, 18) . In the current study we used normal human fibroblast and lymphocyte cells, which provide data on cells of varying nuclear area and for differences in cell-to-cell communication. In addition, we varied the LET from 77-240 keV/lm, which allowed for a range of values for traversals (hits) per cell nucleus to be considered at different doses. Because HZE particles produce d rays, which diffuse into adjacent cells, we also discuss biophysical considerations of their possible role in producing exchanges in the low-dose region.
MATERIALS AND METHODS
These studies were conducted in accordance with accepted ethical and humane practices and were approved by the Institutional Review Board at Brookhaven National Laboratory and the Human Studies Committee at NASA, Johnson Space Center. All subjects provided informed consent to participate in the study.
Cell Culture
hTERT-immortalized human normal skin fibroblast cells 82-6 (19), kindly provided by J. Campisi, were grown as monolayers at 378C under 5% CO 2 in DMEM (Gibcot, Invitrogene, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS), antibioticantimycotic (13) and L-glutamine (2 mM). Cells were irradiated in confluent state with accelerated heavy ions.
Whole blood was collected from a single healthy volunteer and irradiated with accelerated heavy ions. Immediately after exposure, whole blood cultures containing RPMI 1640 media (Gibco BRL) supplemented with 20% FBS and 1% phytohemagglutinin (Gibco BRL) were incubated at 378C.
Irradiation
Cells were exposed to silicon (170 MeV/u), iron (600 MeV/u, 450 MeV/u or 300 MeV/u) or oxygen (55 MeV/u) particles at the NASA Space Radiation Laboratory (NSRL) at Brookhaven National Laboratory (BNL). Doses ranged from 0.005-1.5 Gy and dose rates varied between 0.02-0.1 Gy/min depending on the dose delivered. Experiments with 137 Cs c radiation were completed at NASA Lyndon B. Johnson Space Center (Houston, TX) with a dose rate of 0.3 Gy/min. The 82-6 hTERT cells were grown in T25 flasks. The flasks were kept in a horizontal position by a T25 flasks six-sample holder with an automated sample flipper that rotated the flask to a vertical position for cell irradiation. Irradiations were done within 1 min at room temperature and cells were returned to a 378C incubator after irradiation.
Blood samples were irradiated with Si or Fe ion in 15 mL tubes or in plastic bags (Nasco Whirl-Pakt) and irradiation took place within 1 min at room temperature. The blood samples were then transferred to culture media after irradiation to stimulate mitosis.
Premature Chromosome Condensation (PCC)
The PCC technique was used to collect G 2 /M-phase chromosomes as previously described (20) (21) (22) . After irradiation fibroblast cells were allowed to repair for 16 h, and then subcultured at low density. After 10 h incubation, cells were arrested in mitosis by adding colcemid to a final concentration of 0.1 ug/ml in the culture media and then cells were incubated for an additional 6 h. Approximately 30 min before collection, 50 nM of calyculin A (Wako Pure Chemical Industries Ltd., Japan) was added to the culture media to condense the chromosomes in the G 2 phase of the cell cycle. For blood cultures, premature chromosome condensation was induced 51 h after incubation.
For a portion of the control samples, 10 lm bromodeoxyuridine (BrdU) was added to the culture media when the cells were subcultured after exposure. A differential replication staining procedure was completed on these chromosome samples by incubating slides in 0.5 mg/ml of Hoescht 33258 stain during exposure to black light (General Electric 15T8/BL bulb) following the published method by Epplen et al. (23) . Chromosomes were Giemsa stained to visualize replication rounds and the frequency of cells in first and second division was determined. Results indicated that the percentage of cells in first mitosis was greater than 90% for all samples analyzed. captured electronically using a charge-coupled device (CCD) camera and CytoVisiont software (Applied Imaging, Grand Rapids, MI). All slides analyzed in this study were coded and scored blind. Complex exchanges were scored when it was determined that an exchange involved a minimum of three breaks in two or more chromosomes (20) . An exchange was defined as simple if it appeared to involve two breaks in two chromosomes, that is, dicentrics and translocations. Incomplete translocations and incomplete dicentrics were included in the category of simple exchanges, assuming that in most cases the reciprocal fragments were below the level of detection. Each type of exchange (dicentrics, apparently simple reciprocal exchanges, incompletes or complex) was counted as one exchange, and values for total exchanges were derived by adding the yields. When two or more painted chromosomes were damaged, each was scored separately. For each experiment consisting of a single beam at multiple doses, at least 1,000 cells were scored at lower doses ( 0.3 Gy) and 100-500 cells were scored at higher doses (.0.3 Gy), with the number of cells scored lower at the highest doses. Repeat experiments were performed for several particle beams (the number of repeats for each beam are list in Table 1 ).
Statistical Analysis
The frequencies of chromosomal aberrations in the painted chromosome(s) were evaluated as the ratio between aberrations scored and total cells analyzed. Standard errors for aberration frequencies were calculated assuming Poisson statistics. Error bars in each table or figure represent standard errors of the mean values.
The area of the cell nucleus for 82-6 cells was determined by confocal microscopy with fixed cells to be 162 lm 2 . For lymphocytes we used a cell nucleus area of 30 lm 2 that has been reported in previously published literature (24) . Using the relationship between LET (in units of keV/lm), dose ¼ D (in units of Gy) and fluence ¼ F (in units of lm 2 ) as D ¼ 6.24 F 3 L, the mean number of particle hits per cell nucleus (25) is given by Note. Results are for simple, complex and total exchanges.
CHROMOSOMAL ABERRATIONS AT LOW-HZE FLUENCES
The number of simple exchanges was modeled using a generalized linear model assuming binomial errors per number of chromosomes scored. The model coefficients were extrapolated to whole genome equivalents as described previously (20) . The first low-dose model considered was a linear increase with the mean number of radiation tracks (hits per cell nucleus).
The linear model was fit to data using two different methods. In the first method, denoted as the linear-1 model, the Y 0 parameter is held fixed across each experiment for all particle beams. In the linear-2 model, the Y 0 parameter is allowed to vary for each particle beam. Two different nontargeted effect models designated as NTE1 and NTE2 were compared to the simple linear model. These models are described by the following equations:
where I is an indicator function that irradiation occurred. In all the models Y 0 is the number of simple exchanges per 100 cells at the baseline of 0 Gy, k is the linear increase per mean particle hits per cell nucleus and g represents the increase in simple exchanges caused by a likely nontargeted effect. In the NTE1 and NTE2 models, the radiation-induced bystander effect is assumed to occur immediately after exposure. In the NTE2 model, we take into account that as dose is increased fewer cells are bystanders and more cells have particle tracks. In the NTE2 model a simple exchange through a bystander effect is unlikely to be observed in a cell with a direct HZE particle traversal due to the additional damage that occurs. We multiply the term ''k'' by the probability that at least one track went through the cell and the term ''g'' by the probability that the cell is a bystander. In this way the proportion of cells hit is accounted for in the model. We note that in the linear model Y 0 and the linear slope k are correlated, therefore, the linear-1 model, which pools the Y 0 values, should result in a worse fit, and results for this model are shown for illustration. In the NTE models, Y 0 is no longer correlated with k, and instead k is correlated with the nontargeted effect parameter, g. In the NTE models, Y 0 represents the background number of simple exchanges with no influence from the irradiated samples. Since there is no influence from the irradiated samples, the Y 0 measurements are the same regardless of irradiation type.
The best fit for the different models was determined using the Akaike information criteria (AIC) (26) and Bayes information criteria (BIC) (27) , which take into consideration the number of parameters in the models tested. The model with the lowest values of AIC and BIC provides the best fit to data. For parameter estimates a significant P value indicates that the given parameter is significantly different than zero. P values less than 0.05 are commonly accepted to show significance. Table 1 shows the physical parameters for the HZE particle beams used in our study for both 82-6 human fibroblasts and human lymphocytes. The LET, track structure descriptive parameter Z* 2 /b 2 where Z* is the effective charge number and b is the particle velocity scaled to the speed of light and mean hits per cell are based Notes. P values of parameter estimates are shown in parenthesis. Estimates of AIC and BIC for the different models are for global fit for all HZE particle data in this cell line with values in boldface providing best fit. 372 on the particle LET and area of the cell nucleus. The last column shows the estimates of the mean hits per cell nuclei, H, when d rays produced by the particle are included in the estimate (25) . For these results a d-ray dose threshold of 1 mGy in adjacent cells and a particle dose of 0.1 Gy are considered. The possibility of d rays producing chromosomal aberrations in cells not traversed by a particle at low doses is discussed below. Tables 2 and 3 show the frequencies of simple, complex and total exchanges for the various doses and particle beams used in our study for 82-6 human fibroblasts and human lymphocytes, respectively. Also shown are the mean hits per cell nucleus using the LET approximation for different doses. Mean hits per cell nucleus from less than 0.01 to more than 10 are considered, with at least 4 doses for H , 1 used in each experiment except for results for oxygen (LET of 77 keV/lm) where only 3 such low doses were considered. Table 2 also shows results for c rays in 82-6 fibroblast cells and our earlier report (22) discusses lymphocyte data for c rays. Table 4 shows the results of fitting parametric models to the simple exchange data of Table 2 for 82-6 human fibroblast cells. For each particle beam the NTE2 model provided the best fit based on the AIC and BIC criteria, and the g parameter describing the NTE contribution was found to be highly significant. In Table 4 a common Y 0 parameter is assumed for all particle beams in fits of the NTE1 and NTE2 models. For the linear-1 and linear-2 models the Y 0 parameter is either held fixed across each experiment or varies with each particle beam, respectively. We also tested other fitting approaches where the k and/or g parameters were held fixed across particle beams. In each case the NTE2 model provided the best fit to the data shown in Table 2 . Figures 1 and 2 show experimental data from Table 2 and resulting model fits for the parameters of Table 4 . The left-side panels of Figs. 1 and 2 show the full dose range and the right-side panels of Figs. 1 and 2 show results for the lower dose range. Absorbed dose is shown on the lower abscissa axis and the mean hits per cell CHROMOSOMAL ABERRATIONS AT LOW-HZE FLUENCES nucleus are shown on the upper abscissa axis. Clearly visual inspection of the complete dose range, which can mask the lower doses, suggests that a linear dose response adequately described these data. However, the right-side panels show significant deviations from linearity at the lower doses, which are supported by statistical tests (data summarized in Table 4 ).
RESULTS
Our results for complex exchanges did not suggest a NTE as was found in our observations for simple exchanges, with many experiments showing no increase in complex exchanges at several low doses. Therefore the analysis of possible NTE contributing to the dose response for complex exchanges was not further considered.
In Table 5 results of fitting models to the human lymphocyte data for simple exchanges are shown. Based on the AIC and BIC tests, results for all particles were best fit by the linear-2 model where the Y 0 parameter varied for each particle type. Figure 3 shows the comparisons for the lymphocyte data for the full dose range (left-side panels) and lower dose range (right-side panels). To further investigate a deviation from a linear dose response at low doses, we performed split dose experiments with variable interfraction times, dT, from 5 min to 8 h with Fe (600 MeV/u) particles. Results are shown in Fig. 5 for the case of split dose fractions of 0.02 Gy and compared to results for single fractions of 0, 0.02 and 0.04 Gy. At least two experiments were performed for each single or split dose time point, in addition to the experiments shown in Table 2 . Comparisons of split doses to single fraction results indicate a significant increase (P , 0.01) in simple exchanges for interfraction times of 30 min, 1, 2 and 4 h, but not for interfraction times of 5 min or 8 h.
DISCUSSION
Evidence for NTE in low-dose responses from exposure to high-LET radiation such as HZE particles has important implications for radiation protection of astronauts and normal tissue damage in hadron therapy using proton and carbon beams. Prior reports have described mechanisms for bystander effects in experiments with confluent cultures of fibroblasts, including gap junction communication (9), release of cytokines and ROS (7, 28) and TGFbeta signaling (29, 30) . Little et al. (18) used Giemsa staining to score chromatid (breaks and exchanges) and chromosome (breaks, rings and dicentrics) type aberrations in wild-type and DNA repair-deficient mouse fibroblast cells after a-particle irradiation at low doses. Their results suggested bystander effects increased the frequency of both chromatid and chromosomal type aberrations at low doses (,0.1 Gy). For the end point of chromosomal aberrations, Little et al. and Nagasawa et al. (17, 18) have hypothesized that bystander effects after low-dose aparticle irradiation resulted primarily from ROS leading to the formation of complex single-strand breaks or base damage in G 1 cells, which go on to form DSBs during replication in the S phase and contribute to chromosomal aberration formation. Their studies with Ku70/80 or DNAPKcs deficient cells showed an enhanced bystander contribution at low doses for chromosomal aberrations indicating a role for NHEJ in the bystander effect. Our current study supports their results, although we use human fibroblast cells and HZE particles. The magnitude of the bystander effect reported here is intermediate between the wild-type and DSB repair deficient cell lines in their experiments.
The number of simple exchanges per cell at fluence corresponding to less than one HZE particle per cell nucleus was found to be 0 or 1 in the majority of experiments. This is in contrast to higher doses where we found cells with 2 or more exchanges. Overdispersion of the number of chromosomal aberrations per cell is expected as dose is increased (31), for mixed cell populations (31) or for high-LET radiation (32) .
Our results, which showed an increased induction of simple exchanges after low-dose fractionation can be explained in several ways. The lack of a significant change for short (5 min) or long (8 h) interfraction times could indicate the time duration of a bystander signal or Notes. P values of parameter estimates are shown in parenthesis. Estimates AIC and BIC estimates for the different models are for each HZE particle data in this cell line with values in boldface providing best fit.
CHROMOSOMAL ABERRATIONS AT LOW-HZE FLUENCES 375 the effects of cell cycle. It is interesting to consider the magnitude of the increase in relationship to the parameters derived by the NTE model equations shown in Table 4 . Here for a total dose of 0.04 Gy, which corresponds to 0.23 hits per cell, the first two terms in Eq. (4) provide a contribution of ;0.62 simple exchanges per 100 cells. The third term in Eq. (4) provides an indication of the strength of the bystander signal.
Fractionation at low dose provides a nearly identical bystander signal in each fraction since its strength is independent of dose and depends only on the number of cells not hit by a particle. This argument suggests an approximate doubling of the bystander contribution of 1.1 per 100 cells due to fractionation, which leads to an estimate of ;2.7 aberrations per 100 cells and is consistent with the increase observed in the 30 min to Our results for human lymphocytes at low doses do not provide evidence for NTE contributing to the induction of chromosomal aberrations. Chromosomal aberrations are used to monitor astronauts' radiation exposures while on the International Space Station (33, 34) , and our lack of a bystander effect in lymphocytes provides support for the accuracy of this assay. This could be due to the fact that in contrast to irradiation of confluent fibroblasts, lymphocytes irradiated in blood tubes have reduced modes of intercellular effects compared to fibroblasts. However, a study by Kadhim et al. (35) using microbeam technology with immobilized human T-lymphocytes did show genomic instability at 12-13 population doublings after irradiation. Furthermore, possible individual differences in bystander responses may need to be considered (7) .
Other lines of evidence for bystander effects at low doses of HZE particles include the appearance of DNA damage foci in several recent reports (36, 37) . Several lines of evidence suggest that d rays are not responsible for the deviation from linearity observed for simple exchanges at low doses of HZE particles. First, the d-ray dose in cells adjacent to one receiving particle tracks can be estimated from track structure calculations (25) , which indicate very few cells would receive absorbed doses from d rays above 1 mGy for HZE particle absorbed doses of 0.1 Gy or less. Second, the mean d-ray dose in adjacent cells should increase linearly with particle dose for H , 1. Lastly, the biological effects of d rays should be similar to those of c rays. Our data for simple exchanges in 82-6 fibroblast cells after irradiation with c rays (Table 2) suggest an increase over background for the lowest dose tested of 0.25 Gy similar to our previous results for HF19 cells (20, 21) . However, after low-doserate exposures (;0.021 Gy/h) at doses below 1 Gy, no significant increase over background was observed. At much lower doses of c rays (;0.001 Gy) similar to d-ray doses in cells not traversed by a HZE particle, we would expect to observe no significant increase in the frequency of simple exchanges.
Our study provides important evidence for a bystander effect in the formation of chromosomal aberrations for low doses of HZE particles. These results are consistent with other studies (17, 18) and in addition provide quantitative data on dose-response models that can be used to estimate NTE on RBEs (15) and other end points. An important aspect for estimating low-dose responses will be to develop an understanding of NTE for chronic irradiations and to provide estimates of lower dose limits where NTE appear, which should be related to the propagation distance for their effect (38, 39) . For RBE estimates, we have previously shown (see ref. 15 ) evidence of a so-called crossover dose, where the contributions from TE are equal to NTE, and which corresponds to the equality of the second and third terms in Eq. (4). The crossover dose is useful for understanding RBE estimates for radiation protection purposes. In the current study, the crossover mean number of hits is approximately H cross ; g/k, which leads to crossover doses of 0.04-0.08 Gy varying with particle type. These values are similar to the ones derived (4, 15) from data for Harderian gland tumor induction in mice (40) , and will be considered in future work. Future work should also consider other dose fractionation and chronic irradiation regimes and extend these studies to other cell types including epithelial cells.
In conclusion, our study reports that NTE affects the low-dose response for simple exchanges in normal human fibroblast cells, but does not affect the induction of complex exchanges. However, we observe no effect of CHROMOSOMAL ABERRATIONS AT LOW-HZE FLUENCES NTE on either type of exchange in human lymphocyte cells. Our data strongly suggests that the number of simple exchanges at low doses in fibroblasts will be greatly underestimated without the NTE contribution. Because exposure to space radiation occurs at low doses and dose rates, this finding may have important implications and requires other investigations in different cell types, as well as comparisons to other end points and model systems.
